Previous work in culture has shown that basal forebrain (BF) oligodendrocyte (OLG) lineage cells respond to BDNF by increasing DNA synthesis and differentiation. Further, in the BF in vivo, reduced levels of BDNF as seen in BDNF ؉/؊ mice result in reduced numbers of NG2ϩ cells and deficits in myelin proteins throughout development and in the adult, suggesting that BDNF impacts the proliferating population of OLGs as well as differentiation in vivo. In this study, to investigate the roles BDNF may play in the repair of a demyelinating lesion, the cuprizone model was used and the corpus callosum was examined. BDNF protein levels were reduced after cuprizone treatment, suggesting that the demyelinating lesion itself elicits a decrease in BDNF. To analyze the effects of a further reduction of BDNF on OLG lineage cells following cuprizone, BDNF ؉/؊ mice were evaluated. These mice exhibited a blunted increase in the NG2 response at 4 and 5 weeks of cuprizone treatment. In addition, BDNF ؉/؊ mice exhibited decreased levels of myelin proteins during the demyelination and remyelination processes with no change in the total number of OLGs. These effects appear to be relatively specific to OLG lineage cells as comparable changes in CD11bϩ microglia, GFAPϩ astrocytes, and SMI32ϩ injured axons were not observed. These data indicate that BDNF may play a role following a demyelinating lesion by regulating the numbers of progenitors and the abilities of demyelinating and differentiating cells to express myelin proteins.
Introduction
An inherent capacity within the CNS to remyelinate denuded axons is evident in animal models of demyelination (Ludwin, 1987) and is also apparent in multiple sclerosis (MS) (Prineas et al., 1989; Raine and Wu, 1993) . However, most remyelination is unsuccessful. Deficits in remyelination may depend, at least partially, on the ability of progenitors within the lesion area to proliferate and replace dying oligodendrocytes (OLGs) as well as the ability of OLGs (new or surviving) to express myelin proteins. Evidence suggests that remyelinating OLGs are derived from the pool of precursors present in the adult CNS (Ffrench-Constant and Raff, 1986; Wolswijk and Noble, 1989; Woodruff and Franklin, 1997; Watanabe et al., 2002) , and that these progenitors are able to proliferate and differentiate into myelinating OLGs as in development (Gensert and Goldman, 1997; Di Bello et al., 1999) . These progenitors are present in areas of active demyelination and remyelination in MS (Wilson et al., 2006) and may serve as potential sources of remyelinating OLGs. Factors that increase the survival, proliferation, and migration of progenitors and enhance OLG differentiation and synthesis of myelin, therefore, may be important to affect remyelination.
Multiple growth factors are candidates to affect the remyelination/demyelination processes. For example, platelet-derived growth factor (PDGF), insulin-like growth factor-1 (IGF-1), and epidermal growth factor have been shown to enhance remyelination (Mason et al., 2000a; Murtie et al., 2005; Aguirre et al., 2007; Vana et al., 2007) . Other studies suggest that the neurotrophins may also impact recovery from demyelination. Following a lysolecithin-induced lesion, neurotrophin-3 (NT-3) decreases the demyelinated volume and increases myelin basic protein (MBP)ϩ OLGs in the lesion site (Jean et al., 2003) . Similarly, nerve growth factor infusion into a lysolecithin-induced lesion enhances remyelination (Althaus, 2004) . The present study investigates the role that a related neurotrophin, brain-derived neurotrophic factor (BDNF), may play in the repair of a cuprizone-elicited demyelinating lesion.
Previous culture studies indicate that BDNF enhances DNA synthesis and differentiation of basal forebrain (BF) OLGs through the trkB receptor (Du et al., 2006a; Van't Veer et al., 2009 ). In addition, mice with reduced levels of BDNF (BDNF ϩ/Ϫ mice) exhibit deficits in numbers of BF NG2ϩ progenitors and myelin proteins throughout development and in adults (Vondran et al., 2010) , suggesting that BDNF is important for the development of BF OLG lineage cells in vivo. Using BDNF ϩ/Ϫ mice, we now evaluate whether BDNF may impact OLG progenitors and enhance the expression of myelinated traits in the corpus callosum following a cuprizone-elicited demyelinating lesion. Mice fed cuprizone exhibit a consistent time course of demyelination and proliferation of progenitors in the midline region of the corpus callosum overlying the fornix and consistent remyelination following removal from the drug (Mason et al., 2001 ; Matsu-shima and , making this an attractive model with which to examine demyelination and remyelination.
We report that BDNF ϩ/Ϫ mice exhibit deficits in progenitor cell and myelin protein responses to cuprizone, suggesting that BDNF is critical to recovery from a demyelinating lesion.
Materials and Methods
Experimental animals. Breeding pairs of BDNF Tm1Jae mice on a 129/ BalbC/C57 background were purchased from Jackson Laboratories. Food and water were available ad libitum. The animals were managed by the University of Medicine and Dentistry of New Jersey/Robert Wood Johnson Animal Facility, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animal maintenance, husbandry, transportation, and housing are in compliance with the Laboratory Animal Welfare Act . Moreover, our use of animals is in compliance with NIH guidelines (NIH Manual, Chapter 4206). Breeding pairs were maintained by crossing wild-type and heterozygous animals. Mouse genotypes were determined by PCR from tail-derived DNA as described by Ernfors et al. (1994) .
Cuprizone treatment. The 8 -10-week-old male BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were fed cuprizone (0.2% milled into mouse feed; Harlan Teklad) or control feed continuously for 3-6 weeks to evaluate the effects of BDNF on demyelination/remyelination. Alternatively, 8 -10-week-old male BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were fed cuprizone (0.3% milled into mouse feed; Harlan Teklad) or control feed for 6 weeks followed by 4 weeks of control feed (6 ϩ 4) to evaluate the effects of BDNF on a purely remyelination phase.
Western blot. The midline of the corpus callosum overlying the fornix of BDNF ϩ/ϩ and BDNF ϩ/Ϫ littermates was dissected and frozen at Ϫ80°C. Tissue was lysed with lysis buffer containing 50 mM Tris-Hcl, 150 mM NaCl, 10 mM EDTA, 2 mM EGTA, 1% CHAPS, 0.5% NP-40, 1% Triton, 10 g/ml leupeptin, 10 g/ml aprotinin, 20 g/ml soybean trypsin inhibitor, 50 mM NaF, 1 mM PMSF, 0.5 M microcystin, and 1 mM orthovanadate. Protein concentration was quantified using a BCA protein assay kit (Pierce). Both BDNF ϩ/ϩ and BDNF ϩ/Ϫ samples contained 10 g of protein plus loading buffer containing 20% glycerol, 12% 2-mercaptoethanol, 8.7% SDS, 0.1% bromophenol blue, and 0.35 M TrisHCl. Protein was run on 12% Bis-Tris gels for BDNF, MBP, and proteolipid protein (PLP); 3-8% Tris-acetate gels for NG2 and SMI32; or 4 -12% Tris-glycine gels for myelin-associated glycoprotein (MAG) and GFAP.
Protein was transferred to a PVDF membrane (Millipore). Membranes were blocked with 4% BSA/TBS-T for 1 h followed by overnight incubation with primary antibody, polyclonal anti-BDNF (1:200; Santa Cruz Biotechnology), monoclonal anti-MBP (1:200; Serotec), polyclonal anti-MAG (1:1000; Millipore Bioscience Research Reagents), polyclonal anti-PLP (1:500; Santa Cruz Biotechnology), polyclonal anti-NG2 (1: 750; Millipore Bioscience Research Reagents), monoclonal anti-GFAP (1:1000; Millipore Bioscience Research Reagents), or monoclonal anti-SMI32 (1:1000; Covance). Membranes were then incubated in horseradish peroxidase-linked anti-rabbit antibody (1:3000; GE Healthcare) for BDNF, MAG, or NG2; or anti-mouse antibody (1:3000; GE Healthcare) for MBP, GFAP, or SMI32; or biotinylated anti-goat (1:500; Vector Laboratories) for PLP followed by horseradish peroxidase-linked streptavidin (1:3000; GE Healthcare). Bands were visualized with a chemiluminescence system (Pierce). Membranes were stripped and reprobed with an antibody serving as a loading control: anti-GAPDH (1:1000; Biodesign) for BDNF, MBP, MAG, PLP, and GFAP; or anti-␤-tubulin (1:1000; Sigma) for NG2 and SMI32. Western blots were analyzed using Quantity One V 4.2.1 software (Bio-Rad).
Immunohistochemistry. Mice were perfused transcardially with 4% paraformaldehyde in PBS and post-fixed for 24 h in the same fixative followed by 48 h in 30% sucrose/PBS. Brains were embedded in OCT and frozen at Ϫ80°C for immunohistochemistry.
For MBP and FluoroMyelin staining, mouse brains were sectioned coronally in 14 m serial sections onto slides using a Leica cryostat. For CC1, NG2, and CD11b staining, mouse brains were sectioned coronally in 30 m serial sections using a Leica cryostat and kept free floating. The corpus callosum that was assessed includes the area at the midline (between the cinguli) overlying the fornix. mice from specific time points were treated identically side by side. For double immunostaining for CC1 and trkB, sections were microwaved in 0.01 M citrate buffer, blocked in 33% goat serum/1% bovine serum albumin/0.1% Triton/PBS, and incubated with anti-CC1 for 72 h. Sections were reblocked with 33% goat serum/1% bovine serum albumin/0.1% Triton/PBS and incubated with polyclonal anti-trkB for 72 h. Sections were incubated with Alexa Fluor 594 anti-mouse antibody (1: 750; Invitrogen) for 2 h. After washing with PBS, sections were incubated with biotinylated anti-rabbit antibody for 1 h followed by Alexa Fluor 488 streptavidin (1:800; Invitrogen) for 2 h.
Quantification. Estimates for volumes and cell numbers in the corpus callosum were obtained by unbiased stereological morphometric analysis (West et al., 1991 ) using a Zeiss Axiophot and the Bioquant Image Analyzer Program, version 6.90.10. This method uses a 3D probe for counting cell nuclei, the optical dissector, and a systematic sampling scheme, the fractionator. The thickness is sampled so the density is measured as the number of cells per cubic millimeter. The 3D counting frame, the optical dissector, was set to 15 ϫ 15 ϫ 30 m using a sampling grid of 125 ϫ 125 m. Nine 30 m callosal sections separated by 120 m were counted for each animal. Approximately 20 sampling sites were counted for each section.
For subventricular zone (SVZ) counts, images of 14 m serial sections separated by 56 m 1.10 -0 mm from bregma of unlesioned adult BDNF ϩ/ϩ and BDNF ϩ/Ϫ littermates were captured and analyzed at 400ϫ using a Leica microscope. NG2ϩ cells along the outer wall of the lateral ventricles were counted in a total of 20 sections for each animal. SVZ volumes of BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were quantitated. Data analysis. For each experiment, BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice fed cuprizone were compared with their own control-fed mice for the same time points. Differences between controls and cuprizone mice were then evaluated. Statistical analysis was performed with StatView software, and the data are presented as the mean Ϯ SEM. Statistical differences were determined using ANOVA followed by Fisher's protected least significant post hoc test or Student's t test, as appropriate. Conditions were considered significant at p Ͻ 0.05.
Results

Expression of trkB in corpus callosum OLGs
Work in culture has shown that BDNF enhances DNA synthesis and differentiation of BF OLG lineage cells through the trkB receptor (Du et al., 2006a; Van't Veer et al., 2009) . To assess the role of BDNF in the corpus callosum following demyelination in vivo, we first evaluated whether OLGs of this region express trkB. Colabeling of postmitotic CC1ϩ OLGs with an anti-trkB antibody (which we confirmed recognizes only the full-length receptor) (Klein et al., 1989; Vondran et al., 2010) indicated that OLGs in the adult mouse corpus callosum express the receptor (Fig. 1) , suggesting that corpus callosum OLGs may be responsive to BDNF.
BDNF protein is reduced following cuprizone treatment
Cuprizone-induced demyelination is associated with changes in several factors in the local area. For example, proinflammatory cytokines tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤), and anti-inflammatory cytokines transforming growth factor-␤ (TGF-␤) and IL-10 as well as IGF-1 (Mason et al., 2000b; Biancotti et al., 2008) are elevated following cuprizone treatment. Other growth factors, such as PDGF, fibroblast growth factor, and NT-3 remain unchanged (Mason et al., 2000b) . Changes in factors that can influence OLG development may lead to the effects seen following cuprizone, including OLG loss, demyelination, and spontaneous remyelination. In the present study, we evaluated BDNF levels by Western blot to determine whether cuprizone-induced demyelination affects the protein. Mature BDNF protein levels were decreased at 3 weeks and were then further reduced to a similar level at 4, 5, and 6 weeks of cuprizone treatment (Fig. 2) , and even 4 weeks after removal of cuprizone (see Fig. 6 A) , suggesting that the demyelinating lesion elicits a reduction in BDNF synthesis that appears to be long lasting.
BDNF
؉/؊ mice exhibit a blunted increase in OLG progenitors in response to cuprizone OLG progenitor cells, monitored with NG2, respond to the cuprizone lesion by increasing in number (Mason et al., 2000b) . To evaluate the impact of reduced levels of BDNF on the cuprizoneelicited increase in NG2, NG2 protein as well as cell number were assessed in the corpus callosum. While NG2 protein levels were similar when BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were compared in the unlesioned adult corpus callosum (Fig. 3B, inset ), distinct differences were noted under lesion conditions. BDNF ϩ/ϩ mice exhibited an increase in NG2 protein at 4 and 5 weeks, as shown by Western blot, which return to control levels by 6 weeks (Fig.  3 A, B) . BDNF ϩ/Ϫ mice also exhibited increases in NG2 protein following cuprizone feeding compared with BDNF ϩ/Ϫ mice fed control feed. However, the NG2 increases were significantly reduced compared with those seen in BDNF ϩ/ϩ mice ( Fig. 3 A, B ). This observation was confirmed when NG2ϩ cells were evaluated immunohistochemically. As was the case with NG2 protein, when unlesioned BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were compared, the numbers of NG2 cells were similar in the corpus callosum (Fig. 3C,D) , as well as the subventricular zone (a region thought to provide progenitors in response to demyelination (Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002) (Fig. 3E ). This finding is consistent with that of others who found that mice in which BDNF was excised in postmitotic neurons exhibited similar numbers of olig2ϩ cells in the striatum as wild-type mice (Rauskolb et al., 2010) .
In contrast, when NG2 cells were evaluated under lesion conditions, the numbers of NG2ϩ cells in the corpus callosum of BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice following 4 and 5 weeks cuprizone were distinct. Counting, using unbiased stereological morphometric analysis, revealed that numbers of NG2ϩ cells increased in both BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice at 4 and 5 weeks. However, BDNF ϩ/Ϫ mice exhibited a blunted increase in cell number compared with BDNF ϩ/ϩ mice (Fig. 3C,D) . BDNF, then, impacts the numbers of OLG progenitors that respond to a demyelinating insult, thereby influencing the response of this proliferating population to injury.
؉/؊ mice compared with wild-type mice exhibit exacerbated deficits in myelin proteins during demyelination, but do not exhibit increased losses of mature OLGs OLG loss and demyelination occur in the corpus callosum over 6 weeks of cuprizone treatment ). The effects of BDNF on the loss of OLGs following injury were evaluated using immunohistochemistry for CC1. The numbers of CC1ϩ cells in the corpus callosum of BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice following 3, 5, and 6 weeks of cuprizone treatment were counted using unbiased stereological morphometric analysis. BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice exhibited similar numbers of CC1ϩ OLGs before the lesion and exhibited similar losses of CC1ϩ OLGs following cuprizone treatment (Fig. 4 A) , suggesting that BDNF does not impact the numbers of OLGs in the adult or the survival of OLGs after injury.
During the course of cuprizone-elicited demyelination, myelin protein mRNA as well as myelin proteins, such as MBP, MAG, and PLP, also decrease (Morell et al., 1998; Matsushima and Morell, 2001; Lindner et al., 2008) . Thus, myelin proteins may provide evidence of myelin dysfunction during demyelination. In the present study, MBP protein levels were analyzed in the unlesioned and lesioned brain. As noted above with respect to NG2, there were no differences in levels of myelin protein when BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were compared in the unlesioned brain (Fig. 4C , insert). On the other hand, following cuprizone treatment, BDNF ϩ/Ϫ mice exhibited a greater decrease in MBP at 3, 5, and 6 weeks of cuprizone treatment than did BDNF ϩ/ϩ mice fed cuprizone (Fig. 4B,C) .
Previous studies in vivo and in culture indicate that BDNF impacts multiple myelin proteins (Du et al., 2006a,b; Vondran et al., 2010) . To determine whether multiple myelin proteins are affected in the cuprizone model, MAG and PLP were evaluated at the peak of demyelination at 5 weeks. Similar to results found with MBP, BDNF ϩ/Ϫ mice exhibited a more severe decrease in both MAG and PLP compared with BDNF ϩ/ϩ mice (Fig. 5 ). These data complement previous observations suggesting that BDNF influences levels of differentiated traits in, but not survival of postmitotic BF OLGs (Du et al., , 2006a Vondran et al., 2010) . In the corpus callosum, BDNF impacts levels of differentiated traits found in OLGs, but not their number during the demyelinating phase of the cuprizone injury, suggesting that the effect of BDNF is on the demyelination process.
To support the Western blot data and explore the effects on myelin within the lesioned region, the corpus callosum was evaluated using immunohistochemistry of MBP and FluoroMyelin to detect myelin. Coronal sections of the corpus callosum clearly indicated the difference between genotypes following 5 weeks of cuprizone treatment. BDNF ϩ/Ϫ mice exhibited reduced MBP immunoreactivity compared with BDNF ϩ/ϩ mice (Fig. 4 D) . These results are consistent with our findings that mice with reduced levels of BDNF exhibit a greater deficit in MBP in response to a demyelinating lesion than do wild-type mice. Sections also were stained with FluoroMyelin, which stains myelin due to its lipophilic affiliation, to determine whether myelin itself was affected. Similar to results seen with MBP, BDNF ϩ/Ϫ mice exhibited reduced FluoroMyelin reactivity compared with BDNF ϩ/ϩ mice (Fig. 4 E) , indicating that BDNF impacts myelin integrity as well as myelin proteins following a cuprizone lesion.
؉/؊ mice continue to exhibit deficits in MBP during remyelination As shown above, reduced levels of BDNF impact the proliferating population of NG2 cells and myelin proteins following demyelination. To examine the effects of BDNF on remyelination, mice were fed cuprizone for 6 weeks and then returned to control feed for an additional 4 weeks (6 ϩ 4 weeks), a protocol that has been shown to result in remyelination of the corpus callosum ).
The BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice used in our study differ from mice used by others with different genetic backgrounds because they do not fully demyelinate at 6 weeks when fed 0.2% cuprizone (Fig. 4) . Therefore, to enhance our ability to assess remyelination, the mice were fed 0.3% cuprizone. This does not elicit toxicity as measured by weight loss but does result in an almost complete loss of MBP. Four weeks following cuprizone removal, BDNF levels remained decreased in wild-type mice (Fig. 6 A) . NG2 was not affected 4 weeks after cuprizone removal (Fig. 6 B) , and the numbers of mature OLGs returned almost to control levels in both BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice (Fig. 6C) . However, while MBP, MAG, and PLP deficits were evident in both the BDNF ϩ/Ϫ and BDNF ϩ/ϩ mice, BDNF ϩ/Ϫ mice exhibit even more severe deficits than were noted in wild-type mice (Fig. 6 D-F ) . The data suggest that the differentiation of the mature OLGs is impaired in the BDNF ϩ/Ϫ mice.
Effects on the OLG lineage cells appear to be relatively specific to that cell population
In addition to OLG lineage cells, microglia and astrocytes infiltrate the cuprizone-elicited demyelinated lesion (Hiremath et al., 1998) . To evaluate how levels of BDNF may impact these proliferating cells within the lesion, the numbers of microglia were Figure 3 . BDNF ϩ/Ϫ mice exhibit a blunted increase in NG2 progenitors following cuprizone treatment compared with BDNF ϩ/ϩ mice. A, Western blots of NG2 in control animals and animals treated with cuprizone for 4 or 5 weeks. Anti-␤-tubulin was used to normalize to total protein levels. B, The graph represents densitometric analysis of the blots at 3, 4, 5, and 6 weeks of cuprizone treatment. Each result (BDNF ϩ/ϩ or BDNF ϩ/Ϫ ) is shown as a percentage of its own control (no cuprizone) NG2/␤-tubulin for each time point. Data were analyzed by ANOVA. *Significant difference from control (no cuprizone) mice at p Ͻ 0.05; **significant difference from BDNF ϩ/ϩ mice at p Ͻ 0.05 (N ϭ 4 at 3 and 6 weeks for BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice, and at 5 weeks for BDNF ϩ/Ϫ mice; N ϭ 3 at 4 weeks for BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice, and at 5 weeks for BDNF ϩ/ϩ mice). Inset represents densitometric analysis of NG2 blots of 8 -12-week-old BDNF ϩ/ϩ and BDNF ϩ/Ϫ unlesioned corpus callosum. Data were analyzed by Student's t test (N ϭ 7). C, Representative sections of NG2-stained BDNF ϩ/ϩ and BDNF ϩ/Ϫ corpus callosum following 5 weeks of control or cuprizone feeding. D, Coronal sections of the corpus callosum overlying the fornix of BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice fed control feed or cuprizone for 4 or 5 weeks were stained with an antibody for NG2. Estimates for volumes and cell numbers were obtained by unbiased stereological morphometric analysis using the Bioquant Image Analyzer Program, version 6.90.10. Data were analyzed by ANOVA. *Significant difference from control (no cuprizone) mice at p Ͻ 0.05; **significant difference from BDNF ϩ/ϩ mice at p Ͻ 0.05 (N ϭ 3 for both time points). E, Coronal sections of the SVZ 1.10 -0 mm from bregma of adult BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice were stained with an antibody for NG2. Total numbers of NG2 cells per assessed SVZ area were counted in BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice and analyzed using the Student's t test (N ϭ 3).
monitored using CD11b and the effects on astrocytes were monitored using GFAP. Both CD11bϩ cells and GFAP protein levels increased following 4 weeks of cuprizone treatment (Fig. 7 A, B) . However, there were no significant differences in the numbers of CD11bϩ cells or in GFAP protein levels when BDNF ϩ/ϩ mice were compared with BDNF ϩ/Ϫ mice. This is in contrast to differences in NG2 and myelin proteins, and suggests that the loss of BDNF impacts the OLG lineage cell population specifically.
BDNF has been reported to impact several neuronal populations, including those that project in the corpus callosum (Catapano et al., 2004) . It is possible that BDNF may elicit effects on the OLG lineage cells following demyelination through the mediation of these axons. To explore this possibility, levels of SMI32, a marker of dephosphorylated neurofilaments and an indicator of axonal damage, were measured. Following 4 weeks of cuprizone feed, both BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice exhibited similar increases in SMI32 levels (Fig. 7C) , suggesting that axonal damage is similar despite differences in levels of BDNF at the lesion site.
In toto, while marked differences are observed in the manner in which OLG lineage cells from BDNF ϩ/Ϫ and BDNF ϩ/ϩ mice respond to a lesion, effects on microglia, astrocytes, and damaged axons are not readily apparent. Future studies are necessary, however, to determine whether more subtle differences that may contribute to effects on OLG lineage cells are detected in these populations.
Discussion
Previous work in culture and in vivo suggests that BDNF impacts OLG lineage cell development in the BF (Du et al., 2006a; Van't Veer et al., 2009; Vondran et al., 2010) . This study evaluated whether BDNF impacts OLG lineage cells following a cuprizoneelicited demyelinating lesion of the corpus callosum. In the corpus callosum following this lesion, BDNF is reduced during demyelination and remyelination, suggesting it as a factor important in the progression of the pathology. BDNF ϩ/Ϫ mice exhibit a blunted increase in NG2ϩ cells compared with BDNF ϩ/ϩ mice following cuprizone, suggesting that a loss of BDNF impacts the response of these cells to demyelination. BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice exhibit similar losses of postmitotic OLGs. However, compared with BDNF ϩ/ϩ mice, myelin proteins are reduced in BDNF ϩ/Ϫ mice during demyelination and remained reduced in BDNF ϩ/Ϫ mice during remyelination. Effects appear to be somewhat specific to OLGs since levels of GFAP, SMI32, and microglia are unaffected when the BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice are compared.
The role of BDNF on OLGs in vivo during development
Our past work and the work of others suggest that BDNF plays a role in the development of OLGs in vivo. BDNF Ϫ/Ϫ mice exhibit mice. A, Coronal sections of the corpus callosum overlying the fornix of BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice fed control feed or cuprizone for 3, 5, or 6 weeks were stained with an antibody for CC1. Estimates for volumes and cell numbers were obtained by unbiased stereological morphometric analysis using the Bioquant Image Analyzer Program, version 6.90.10. Data were analyzed by ANOVA. *Significant difference from control (no cuprizone) mice at p Ͻ 0.05 (N ϭ 3 for all time points). B, Western blots of MBP in the corpus callosum of control animals and animals treated with cuprizone for 3, 5, and 6 weeks. Anti-GAPDH was used to normalize to total protein levels. C, The graph represents densitometric analysis of the blots at 3, 5, and 6 weeks of cuprizone treatment. Each result (BDNF ϩ/ϩ or BDNF ϩ/Ϫ ) is shown as a percentage of its own control (no cuprizone) MBP/GAPDH for each time point. Data were analyzed by ANOVA. *Significant difference from control (no cuprizone) mice at p Ͻ 0.05; **significant difference from BDNF ϩ/ϩ mice at p Ͻ 0.05 (N ϭ 3 at 3 weeks for BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice; N ϭ 4 at all other time points). Inset represents densitometric analysis of MBP blots of 8 -12-week-old BDNF ϩ/ϩ and BDNF ϩ/Ϫ unlesioned corpus callosum. Data were analyzed by Student's t test (N ϭ 7) . D, E, Sections from BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice fed control feed or cuprizone for 5 weeks were stained with an antibody for MBP and visualized with DAB (D) or FluoroMyelin (E). Sections are coronal over the fornix. decreased numbers of myelinated axons in the postnatal optic nerve, decreased PLP and MBP mRNA in the postnatal hippocampus and cortex (Cellerino et al., 1997) , as well as decreased MBP in the hippocampus and raphe (Djalali et al., 2005) . BDNF ϩ/Ϫ mice exhibit delayed myelination in the spinal cord and optic nerve during development (Xiao et al., 2010) and decreases in NG2 progenitors as well as myelin proteins in the BF throughout development and into adulthood (Vondran et al., 2010) . Thus, a loss of BDNF appears to impair OLG development in multiple brain regions. Further, in mice with a conditional deletion of trkB from the embryonic forebrain, levels of MBP and numbers of myelinated axons in the corpus callosum and hippocampus are reduced (Medina et al., 2004) , suggesting that trkB signaling may be involved in OLG development and myelination.
The role of BDNF on OLGs in vivo in the adult and after a lesion These effects in some brain regions during development may differ from those in other brain regions in the adult. Our data indicate that the numbers of corpus callosum and SVZ OLG lineage cells and the levels of myelin proteins are similar in BDNF ϩ/ϩ and BDNF ϩ/Ϫ mice in adulthood, a result consistent with that of others (Rauskolb et al., 2010; Xiao et al., 2010) , and in contrast to observations made by us in the adult medial septum-BF (Vondran et al., 2010) . Interestingly, this difference in cortical versus BF responses to BDNF was noticed previously in culture, where we reported that BF OLGs respond to BDNF, while cortical OLGs do not . We argued at that time that this regional difference may be another example of the heterogeneity of OLGs, which are reported to differ with respect to morphology (Del Rio-Hortega, 1928; Bjartmar et al., 1994) , biochemistry (Hartman et al., 1982; Butt et al., 1995) , and responsivity to the environment (Kettenmann et al., 1991; Takeda et al., 1995; Power et al., 2002) .
Importantly, while we did not detect differences in OLG characters in comparing BDNF ϩ/ϩ and BDNF ϩ/Ϫ unlesioned corpus callosum, our studies indicate that differences are apparent after a lesion. When OLGs are exposed to a demyelinating lesion, they become sensitive to BDNF levels. These results are reminiscent of those by others implicating a role for BDNF in OLG repair. For example, following spinal cord injury, fibroblasts engineered to produce BDNF increase myelinated axons and the proliferation of OLG progenitors in the lesion area (McTigue et al., 1998) . Intrathecal delivery of BDNF following spinal cord injury decreases apoptosis of OLGs and promotes recovery of MBP Koda et al., 2002) . In an animal model of immunemediated demyelination, experimental allergic encephalomyelitis (EAE), BDNF delivery via transformed bone marrow stem cells significantly delays onset and severity of clinical symptoms, reduces the area of demyelination, and reduces the numbers of apoptotic cells (Makar et al., 2008 (Makar et al., , 2009 . BDNF, therefore, may be useful in ameliorating deficits following a demyelinating lesion in a number of brain regions. This study is the first to indicate that BDNF may impact OLG lineage cells of the corpus callosum following a cuprizone-elicited demyelinating lesion using BDNF ϩ/Ϫ mice.
Lesioned OLG lineage cells appear to be particularly sensitive to BDNF Our studies suggest that effects of BDNF may preferentially affect OLGs following demyelination. While OLG lineage cells are differentially affected in the BDNF ϩ/Ϫ mouse, as opposed to the BDNF ϩ/ϩ mouse, after cuprizone, microglia, astrocytes, and axons appear not to be. However, it should be noted that while we report that BDNF may preferentially affect OLG lineage cells after a cuprizone lesion, we do not know whether this effect is directly on OLGs. BDNF may still have subtle effects that we did not detect on non-OLG lineage cells that may contribute to the OLG response to cuprizone. Data in the literature, in fact, have argued that effects of BDNF may be indirect and mediated, for example, by neurons that also express trkB and are responsive to BDNF (Cellerino et al., 1997; but, see Xiao et al., 2010) . In addition, BDNF may elicit effects on OLGs by affecting the immune response elicited by T cells or macrophages/microglia (Makar et al., 2009 ). For example, Makar et al. (2009) suggest that BDNF elicits its protective effects in EAE by modulating the expression of cytokines from proinflammatory to anti-inflammatory. Astrocytes and microglia are reported to express trkB receptors in culture (Condorelli et al., 1995) , and astrocytes have been shown to express trkB after CNS injury in rats (McKeon et al., 1997) and in MS lesions (Stadelmann et al., 2002) . Future studies that delete trkB specifically on OLGs, neurons, astrocytes, or microglia will most directly address the roles played by these other cell populations on the OLG response to cuprizone. Nevertheless, our studies support the possibility that BDNF may be a factor critical to the development of OLGs and the recovery of OLGs from a demyelinating lesion, whether or not the effect involves other cell types.
The loss of BDNF following a cuprizone lesion
We have found that BDNF is decreased in the lesion site following cuprizone. Why might this occur? One possible reason for this decrease may be the loss of OLGs that have the capacity to normally produce the trophin (Dai et al., 2003) . Alternatively, the environment of the lesion may change the expression of hosts of factors produced by other glial cells, such as astrocytes and microglia. After CNS injury, proinflammatory cytokines, TNF-␣ and IL-1␤, and anti-inflammatory cytokines, TGF␤ and IL-10, as well as IGF-1 (Mason et al., 2000b; Biancotti et al., 2008) are increased. Interestingly, BDNF expression can be modulated by cytokines, and at least one class of these molecules, the Th1 cytokines, downregulate the expression of BDNF (Lisak et al., 2006 (Lisak et al., , 2007 , supporting the possibility that multiple factors collaborate to affect the response to a lesion.
Relevance to MS
The present study suggests that BDNF may provide protection during demyelination, as occurs in MS, and is consistent with an increasing literature that links BDNF with repair in MS. In another animal model of MS-like demyelination, EAE, treatment with the MS drug glatiramer acetate (GA) increased BDNF, which was sustained over the disease course and was correlated with the amelioration of clinical symptoms (Aharoni et al., 2005) . In addition, mice receiving transformed bone marrow stromal cells producing BDNF exhibited delayed onset of disease, enhanced clinical recovery, reduced apoptosis, and reduced demyelination following EAE (Makar et al., 2008 (Makar et al., , 2009 .
Clinical data of MS patients also implicates BDNF as a therapeutic target for the disease. BDNF levels are decreased in the blood of MS patients compared with healthy controls, and BDNF increases in MS patients after recovery from the relapsing phase of relapsing-remitting MS (RRMS), suggesting that BDNF may contribute to the recovery (Azoulay et al., 2005; Frota et al., 2009) . Further, BDNF is increased in the serum and CSF of patients with RRMS during the recovery phase of the disease compared with patients with secondary progressive MS (Sarchielli et al., 2002) . Current MS therapies may act to enhance the production of BDNF in MS patients. For example, peripheral blood mononuclear cells treated with GA exhibit increased secretion of BDNF (Azoulay et al., 2005) . Further, mononuclear cells from MS patients treated with GA exhibited higher levels of BDNF than cells from patients treated with other drugs (Sarchielli et al., 2007) . RRMS patients treated with interferon-␤, another MS therapy with no further exacerbation of the disease, also exhibited increased production of BDNF by peripheral blood mononuclear cells (Caggiula et al., 2006) . Thus, one mechanism of action of current MS therapies may be to increase BDNF in MS patients, leading to protective effects.
